In general, specific indicators of landscape sustainability are missing. To spatially evaluate landscape sustainability and its change in a rural landscape, the authors combined ecological and social components to develop an indicator system and a model based on information entropy. Four types of information entropy, namely, landscape service capability, landscape service demand, landscape vulnerability and landscape adaptation, were calculated using year-based information entropy to analyze the spatial-temporal differentiation of a rural ecosystem. Combined with the landscape composition and configuration indicators, the spatial and temporal differentiation of landscape sustainability was analyzed, and the effect of landscape structure on landscape sustainability was explored. Based on survey data from Mizhi County, Shaanxi Province, China from 2009 to 2014, the following results were obtained: (1) An analysis of entropy change could be used to evaluate landscape sustainability. (2) The carrying capacity of the complex ecosystem in the study area increased during the study period. (3) If the effect of landscape structure is not considered, then the landscape sustainability of the study area might be overestimated. Additionally, it was pointed out that the analysis of landscape sustainability through Boltzmann entropy also provides a new way to test and verify the research results in the future.
Introduction
Landscape sustainability has become a research focus in recent years [1] [2] [3] [4] . The concept of landscape sustainability has been defined as the capacity of a landscape to consistently provide long-term, landscape-specific ecosystem services that are essential for maintaining and improving human well-being [5] . A growing number of studies have addressed the development of indicators to assess landscape sustainability [6, 7] . In general, specific indicators of landscape sustainability are lacking [8, 9] . The researchers in this field, however, tend to use ecological indicators to discuss landscape sustainability and tend to overlook social indicators. Few studies have combined ecological and social indicators to analyze landscape sustainability [10, 11] . However, the relevant studies cannot show the interaction among subsystems and the possible direction of the evolution of the landscape.
The concept of dissipative structure was first proposed by the Belgian physicist Prigogine in 1969. A dissipative structure is believed to be an open system that is far from equilibrium that has a stable and orderly structure and can only be maintained through exchanges of substances, energy and information with its external environment [12] . There is a consistent trend of entropy increase in the development of (1) How can an indicator system characterizing the interaction among subsystems and the possible direction of the evolution of rural landscapes be constructed? (2) How can ecological and social indicators be combined to produce a spatially explicit expression of landscape sustainability?
The article is organized into four sections. We first developed an indicator system based on information entropy and describe the methodology. We then calculated entropy flow and production to analyze the sustainability of a rural landscape. Finally, we conclude the article with a discussion of the contributions and limitations of the study.
Materials and Methods

Study Area
We selected Mizhi County in Shaanxi Province (China) as our study area because this relatively small region shows considerable variations in terms of both ecological and social components. Shaanxi Province experienced the most reforestation of any province in China during the first decade of the 21st century, and Mizhi County ranked among the first of 174 counties to carry out the Grain for Green (GFG) program. The GFG program is the world's largest "payment for environmental/ecosystem services" (PES) program [24] . The county is located in the hilly region of the Loess Plateau within 109 • 49 -110 • 29 E and 37 • 39 -38 • 50 N (with an approximate size of 1212 km 2 ), where 365 km 2 of the land experienced severe soil erosion before implementing the GFG program. In this county, the erosion intensity (measured as the annual amount of soil erosion per unit area) was 13,000 t/km 2 /year [25] , which is considered "very severe" according to national standards [26] . Over the first stage (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) of the implementation of the GFG program, 115.7 km 2 of cropland in Mizhi County was returned to forest or grassland. The forest and grassland coverage increased from 31.3% in 1999 to 40.8% in 2006, whereas that of the cropland area declined from 65 to 53.2%. The social and economic conditions of the study area have changed significantly, and human activities have transitioned from agricultural production to a variety of economic activities including road construction and tourism development [24] .
Dissipation Structure of the Rural Landscape Ecosystem
The rural landscape is composed of natural, economic and social subsystems. Different materials, energy and information flow and are transformed between landscapes, and these exchanges are determined by the landscape elements and their spatial configuration characteristics which coincide with the characteristics of the dissipative structure. According to the structure, characteristics and properties of a rural landscape, the landscape's entropy change can be divided into two parts. First, the change in entropy during the exchange of material energy between the rural social economic system and the natural ecological environment system is called the entropy flow of the system. Second, the change in entropy that was produced during the processes of environmental quality deterioration and ecological environment construction in social and economic systems is called entropy production [27] . Entropy flow refers to the interaction between the social economic system and the natural ecosystem, which can represent the coordination of the system. A decrease in entropy flow indicates that the interior of the landscape ecosystem is undergoing development toward order and health. Entropy production refers to the interaction between environmental pollution in the social and economic systems and the purification of the ecological environment. Entropy production reflects the ecosystem's reductive capacity and the interaction between the production of environmental pollution and the reductive capacity that is created by eco-environmental construction. A decrease in entropy production indicates that the status of the landscape ecosystem is being continuously optimized and that the coordination of the system is increasing. A decrease in entropy indicates an increase in the sustainability of the landscape. The change in entropy refers to the overall development of the rural landscape system.
Construction of an Indicator System
The internal and external interference and regeneration capability of a rural landscape have great influences on the landscape pattern [28, 29] . The dynamic balance between landscape service capacity and landscape service demand in different landscape patterns can be effectively evaluated. In other words, if the landscape service demand of the specific landscape pattern is greater than the landscape service capacity, the landscape is not sustainable. Conversely, if the landscape service capacity exceeds the landscape service demand, the landscape can support a larger population and its needs [29] . Therefore, at the landscape scale, landscape sustainability can be evaluated by analyzing the landscape with and without interference, landscape regeneration, landscape service ability and landscape service demands.
Based on the combination of landscape sustainability theory and entropy theory, an indicator system was constructed from two components. First, the secondary index system that was composed of entropy flow and the entropy of the complex landscape ecosystem was determined from the dissipative structure; second, the entropy flow of the landscape was represented by the landscape service capacity and landscape service demand, the entropy production of the landscape was represented by the landscape vulnerability and landscape coping ability and the three-level indicator system of the integrated natural-economic-social subsystem was then established.
The selection of four types of specific entropy factors is described below.
(1) The specific indicators were selected based on the conditions of materials and facilities providing different types of landscape services to analyze the change in the landscape service ability. These indicators included cultivated area (ha), area of water and water conservancy facilities (km 2 ), woodland area (ha), grain yield per unit area (t/ha), livestock number, rural per capita net income 3) The change in landscape vulnerability was revealed through the natural, economic and social problems in the rural landscape. These indicators included the area of slope cropland (ha), area of degraded cultivated land (ha), plastic film on cropland (t), proportion of the population engaged in agriculture (%), proportion of migrant workers (%) and proportion of the population that are poor (%). (4) The change in landscape response ability was analyzed through a series of adjustment measures, which included the effective irrigation area (ha), afforestation area (ha), technical personnel proportion (%), degree of commercialization of agriculture (%), urbanization rate (%) and number of rural employees.
Based on the four above-mentioned aspects, the entropy flow of the system could be revealed through an analysis of the changes in landscape service ability and landscape service demand. The landscape service ability primarily refers to the services that a landscape can offer based on the landscape's biophysical characteristics and social and economic conditions. The landscape service demand is the amount and quality of landscape services that the inhabitants need to satisfy certain demands. Simultaneously, the entropy production of the system was calculated by analyzing the change in landscape vulnerability and landscape response ability. The rural landscape sustainability was then calculated by analyzing the change in entropy flow and entropy production. Landscape vulnerability mainly refers to the waste and pollutants discharged into the ecosystem by human activities and the resulting series of ecological problems. Most of a landscape's response ability is reflected in the ability of human beings to manage the ecosystem. Obviously, this indicator system can characterize the interactions among subsystems and the possible direction of the evolution of the rural landscape and will help us to find the causes of the rural landscape's evolution.
A Landscape Sustainability Evaluation Model Based on Information Entropy
The symbolic representations and calculation formulas for entropy flow, entropy production and total entropy change are shown in Table 1 . First, information entropy is calculated by means of index standardization, and the information entropy is then used to calculate the index weight. Second, four types of entropy are calculated using the year's information entropy. Finally, the rural landscape sustainability score is obtained by means of index standardization and index weight. The formulas are provided below. Table 1 . Symbols and calculation formulas for entropy flow, entropy production and total entropy change in a landscape ecosystem.
Item
Symbols and Formulas Representation
Landscape service ability S j1 Degree of system disorder Landscape service demand S j2 Degree of system disorder Landscape vulnerability S j3 Degree of system disorder Landscape response ability S j4 Degree of system disorder Entropy flow S j2 − S j1 System capacity Entropy production S j3 − S j4 System vigor Total entropy change (S j2 − S j1 ) + (S j3 − S j4 ) Degree of system order Sustainability 2018, 10, 3300
The landscape service ability index and the landscape response ability index are considered positive indicators, whereas the landscape service demand index and the landscape vulnerability index are considered negative indicators. The range method is used to standardize the evaluation index, and the result is between [0,1]. The normalization methods for the positive and negative indexes are as follows: positive index formula:
negative index formula:
where x ijt is the value of indicator i for subcriterion indicator j in year t, Z ijt is the standardized value calculated from the raw data in year t, i represents an indicator and j represents a subcriterion indicator. These values represent the landscape service ability, landscape service demand, landscape vulnerability and landscape response ability, respectively. This paper selected indicators for a rural landscape system from 2009 to 2014 and calculated the annual entropy flow and entropy production based on Formula (3).
where ∆S is the four types of entropy constructed, namely, those representing landscape service ability, landscape service demand, landscape vulnerability and landscape response ability, q ij is the standardized value of the raw data of the index, and q j is the sum of the standardized values of all of the indicators in year j, specifically, q j = ∑ n i=1 q ij (i = 1, 2, . . . , n; j = 1, 2, . . . , m). The information entropy and entropy weight of an index were calculated according to Formulas (4) and (5), respectively.
where E i is the value of the information entropy of index i and Q i is the entropy weight of index i. The sustainability score of the rural landscape ecosystem was calculated using Formula (6) as follows:
where G is the sustainability score of the rural landscape ecosystem and Z j is the standardized value of the raw data of the index in year j. A greater value of G is associated with greater sustainability.
Spatially Explicit Landscape Sustainability Method
The expression of landscape sustainability in a spatially explicit way is one of the main challenges in landscape sustainability science [4, 5] . Ecologists have accumulated extensive experience in using landscape pattern indicators to map the heterogeneity of landscapes in a spatially explicit manner [30, 31] . In constructing a landscape sustainability indicator system, determining how to combine landscape composition indicators and landscape configuration indicators to directly express the spatial and temporal differentiation of landscape sustainability is a current challenge in landscape sustainability research [11, 32, 33] . To assess the contribution of landscape metrics to the explanation of variability in landscape sustainability, the following steps were undertaken. First, the landscape patch density, which represents the landscape composition, and the landscape shape index, which represents the landscape configuration, were selected as landscape metrics. Then, the contribution of each of the two landscape metrics was quantified using Equations (7) and (8).
where G i is the sustainability score of the ith village, LSS i is the sustainability score of the community where fishing nets are located, α ij is the standardized regression coefficient of the jth landscape variable and r ij is the correlation coefficient between the landscape sustainability score and the jth landscape variable. The analysis was performed at the village scale to obtain the smallest unit for landscape planning and decision making in China [34] .
Results
Total Entropy Change and Analysis of Landscape Sustainability in Mizhi County
According to the above-described model and data, the entropy and entropy change in a rural landscape system based on information entropy are shown in Table 2 . From 2009 to 2014, the landscape service capacity of Mizhi County increased each year and the landscape services demand also increased even though some fluctuations were observed. This pattern indicates that the diversity and complexity of the rural landscape system constantly increased, the degree of disorder increased and the resource pressure in the study area gradually increased.
Landscape vulnerability exhibited a fluctuating downward trend and landscape response ability exhibited a fluctuating upward trend. This pattern indicates that some problems in the study area were resolved during the study period and that the vitality of the rural landscape system was obviously improved.
The entropy flow tended to decrease during the study period, however the overall fluctuation was not large. This pattern shows that the operation condition of the rural landscape system was continuously optimized and that the coordination of the system increased.
The landscape service ability score showed an upward trend from 2009 to 2014 (Figure 1a ), indicating that the supporting capacity of the rural landscape system gradually increased. The landscape service demand score showed an increasing trend during the study period, indicating that the pressure of human activities on the rural landscape system increased and that the diversity and complexity of the system increased. The overall landscape vulnerability score showed a decreasing trend and the landscape response ability increased. This pattern indicated that the vulnerability Sustainability 2018, 10, 3300 7 of 12 of the landscape gradually decreased during the study period and that the capacity of the rural landscape system to resist disturbance increased steadily with an increase in investments in ecological environmental protection.
The total sustainability score of the rural landscape system fluctuated upward (Figure 1b ). The year 2010 had the lowest score, and an increasing trend was observed after 2010 to obtain the highest score in 2014. The lowest score might have been obtained in 2010 due to the extreme weather disturbances that occurred that year, and the year 2014 might have shown the highest score due to continuous improvements in economic and social development and environmental management in the study area.
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To reveal the spatial differentiation of landscape sustainability in the study area, the landscape sustainability scores of each community were analyzed in this study ( Table 3 ). As shown in Table 4 , although the sustainability score of Mizhi County exhibited an upward trend, the changes among the communities in the county were quite different. Note: 1 , 2 and 3 indicate the landscape composition effect, landscape configuration effect and landscape structure effect, respectively. a indicates the number of villages in which the landscape composition's effect was higher than the landscape sustainability score and b indicates the number of villages in which the landscape composition's effect was lower than the landscape sustainability score. 4 indicates the landscape sustainability score.
There were two categories of landscape sustainability among these communities. One was the category of increased landscape sustainability and the other was the category of reduced landscape sustainability. The former included 11 communities and the latter contained two communities. In addition, the former had more obvious influence on the landscape sustainability of the study area than the latter.
There were also significant differences between the two categories of landscape sustainability. The category of increased sustainability was more complex than the category of reduced sustainability. In addition, the former could be divided into three types, namely, reduced entropy flow and entropy production, reduced entropy flow and increased entropy production and increased entropy flow and reduced entropy production, and these three types were observed in communities, three communities and three communities, respectively. The first type is the desired type of sustainability, in which attention is paid to the encouragement of landscape supportive ability. Ecological improvement is neglected to some extent in the second type and the third type is the opposite of the second type.
Spatial Differentiation of Landscape Sustainability
Based on Equations (7) and (8), the effects of landscape composition, landscape configuration and landscape structure on the villages in 2009 and 2014 were calculated (Table 4) , and the spatial-temporal differentiation was observed (Figure 2 ). Note: ①, ② and ③ indicate the landscape composition effect, landscape configuration effect and landscape structure effect, respectively. a indicates the number of villages in which the landscape composition's effect was higher than the landscape sustainability score and b indicates the number of villages in which the landscape composition's effect was lower than the landscape sustainability score. ④ indicates the landscape sustainability score.
Based on Equations (7) and (8), the effects of landscape composition, landscape configuration and landscape structure on the villages in 2009 and 2014 were calculated (Table 4) , and the spatialtemporal differentiation was observed (Figure 2 ). were mainly located in the northeast of the study area. With the natural breaks (Jenks) method, the villages with an increasing sustainability score were divided into two categories: those with a smaller increase and those with a larger increase. The villages with a larger increase were mainly distributed in the middle of the study area.
As presented in Table 4 , several interesting results were obtained, including the following. If the effects of landscape structure and landscape composition were not considered, the landscape sustainability score of all of the villages in Mizhi County was overestimated in 2009. Under the comprehensive influence of landscape configuration and landscape composition, the landscape sustainability score was greater than the individual influence of landscape configuration and that of landscape composition in 2009. The landscape composition's effect was stronger than the landscape configuration's effect.
If the effects of landscape structure and landscape composition were not considered, the landscape sustainability score of 87% of the villages was overestimated and that of 13% of the villages was underestimated in 2014. As in 2009, the landscape sustainability score was greater than the individual influence of landscape configuration and that of landscape composition in 2014. Unlike in 2009, the landscape composition's effect was weaker than the landscape configuration's effect in 2014.
Discussion
The index system based on entropy effectively reflected the structure, function and mechanism of the evolution of complex landscape ecosystems, enriching the body of research on the use of index systems in the evaluation of landscape sustainability. By considering the change in the entropy of each subsystem, the landscape sustainability evaluation index system that was constructed in this paper provides an effective method for better understanding the evolution and sustainability of the complex ecosystem of the landscape in the study area, and analyses of landscape sustainability in similar areas were also performed. However, this method alone was not enough to express the spatial differentiation of landscape sustainability.
This study has two main objectives based on the selected landscape composition and configuration indicators: one objective was to analyze and discuss the quantitative influence of changes in the landscape structure on the spatial differentiation of landscape sustainability, and the other was to explore and analyze the different effects of the landscape composition and configuration on landscape sustainability. As with similar studies, this paper found that evaluation results can be overestimated if the influence of the landscape structure is not considered [35, 36] . However, unlike in other similar studies, in this study, the effect of landscape composition was greater than that of landscape configuration on landscape sustainability in most of the villages that were examined, and the effect of the landscape components of some villages on their landscape sustainability was greater than that of their landscape configuration [33, 37] . Such differences might be related to the selection of indicators, the number of indicators and the quantitative expression of the effect of indicators. Therefore, to reveal the effect of landscape structure on landscapes in terms of spatial and temporal differentiation of sustainability, research studies should urgently study the effect of different landscape composition indicators and landscape configuration indicators on landscape sustainability and compare the quantitative expression of different indices. The study of the landscape based on Boltzmann entropy provides a feasible way to explore the influence of landscape structure and composition on the sustainability of the landscape. At present, the landscape research based on Boltzmann entropy has been developed from theoretical exploration to case study and its quantitative method has been effectively improved [22, 23] . In this paper, although the sustainable spatial differentiation of the landscape is represented by improving information entropy and combining with specific landscape index, the validity has not been verified effectively. As Boltzmann entropy can effectively represent the influence of landscape structure and composition on the landscape entropy [23] , the analysis of landscape sustainability through Boltzmann entropy also provides a new way to test and verify the research results in this paper. This is one of the author's main research tasks in the future.
The land-use pattern of the study region has been affected by policies [38, 39] . Moreover, these policies have affected the landscape service capacity, the demand for landscape services, the landscape vulnerability and the landscape response ability. Therefore, policies can have great impacts on regional landscape sustainability. A main research task in the future will be to explore the impact of policies on regional landscape sustainability.
Conclusions
Based on entropy, a landscape sustainability index system was constructed in this paper. In addition, the evolution of a complex landscape ecosystem in the study area was discussed and analyzed. Finally, a spatial and temporal analysis of landscape sustainability was performed in combination with an analysis of landscape indicators. Several conclusions such as the following were drawn.
Entropy change analysis could be used to evaluate landscape sustainability. Combined with time series analysis, entropy change analysis is helpful for introducing specific measures to solve the problems that are not conducive to landscape sustainability in each subsystem.
The analysis of landscape entropy change revealed that the carrying capacity of the complex ecosystem in the study area was increasing and that the complex ecosystem developed in a healthy and orderly manner.
If the effect of landscape structure is not considered, the landscape sustainability of the study area might be overestimated, and the effect of landscape structure on landscape sustainability was greater than that of landscape component indicators or single landscape configuration indicators alone. Furthermore, for most villages in the study area, the effect of landscape composition on landscape sustainability is greater than that of landscape configuration on landscape sustainability. 
